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Abstract 
 Thin film evaporation yields high local heat fluxes that contributes significantly to the total 
heat transfer rate during various two-phase transport processes including pool boiling, flow 
boiling, and droplet evaporation, among others. Recent studies have shown a strong correlation 
between the roughness of a surface and its two-phase heat transfer characteristics, but the 
underlying role of nanoscale surface roughness in thin film evaporation is not fully understood. In 
the present work, a thin film evaporation model is developed that accounts for the role of the 
roughness-affected disjoining pressure and flow permeability in determining the film thickness 
profile and heat transfer rate. Nanoscale surface roughness leads to a flatter evaporating meniscus 
profile when the effect of disjoining pressure is more pronounced of the two and promotes 
evaporation, consistent with previous experimental observations. However, our results reveal that 
surface roughness may also inhibit evaporation and lead to a steeper evaporating meniscus profile 
when flow permeability has the more pronounced influence on thin film evaporation. It is 
important to identify the specific surface roughness characteristics that determine whether 
disjoining pressure or flow permeaiblity has the stronger influence. To this end, a parametric study 
is performed that analyzes thin film evaporation on V-grooved surfaces of different depths and 
pitches. While the heat transfer rate increases monotonically with groove depth, there exists an 
optimal groove pitch that leads to a maximized evaporation rate. Also, when the groove pitch is 
smaller than a critical value, surface roughness inhibits thin film evaporation.   
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1. Introduction 
Two-phase heat transfer is widely encountered in thermal management of microelectronics 
[1], water desalination in solar stills [2], steam boiling and condensation in power plants [3], 
ultrafast vitrification for cell cryopreservation [4], and other applications. In various two-phase 
processes, evaporation from the extended meniscus close to the three-phase contact line (also 
known as thin film evaporation) has a major contribution to the total heat transfer [5]. Experimental 
studies have shown that nanoscale surface roughness affects the meniscus profile and heat transfer 
rate in thin film evaporation [6]. For larger structures, e.g., hoodoo structures [7], micropillars [8], 
sintered mesh [9], sintered microparticles [10], and hierarchical structures [11], local roughness at 
the contact line also plays a role in determining heat transfer rate. In order to design surface 
structures that provide further heat transfer enhancement, it is of fundamental significance to 
understand the heat transfer characteristics of the evaporating meniscus on rough surfaces.  
As shown in Figure 1a, the evaporating meniscus can be divided into three regions: the 
adsorbed film, the evaporating thin film, and the intrinsic meniscus. Driven by the temperature 
difference between the solid surface and the vapor, heat is transferred by conduction in the liquid 
film and evaporation across the liquid-vapor interface. The heat flux in the evaporating thin film 
region is very high due to the low thermal conduction resistance across the film. As a result of the 
long-range solid-liquid intermolecular forces, an excess pressure known as the disjoining pressure 
is required for liquid molecules to escape from the evaporating thin film. Disjoining pressure 
increases rapidly with decreasing film thickness and fully suppresses evaporation in the adsorbed 
film region. The absolute liquid pressure becomes smaller as disjoining pressure increases. The 
disjoining pressure and capillary pressure therefore simultaneously drive liquid flow from the 
intrinsic meniscus to the evaporating thin film region to maintain the evaporation rate. For thin 
film evaporation on rough surfaces, the disjoining pressure and the flow permeability are affected 
by surface roughness, which in turn influence the thickness profile and the heat transfer rate of the 
evaporating thin film.   
Experimental studies have been performed to extensively characterize the thin film meniscus 
thickness profile and the heat transfer performance on planar surfaces. The thickness profile of the 
evaporating thin film can be directly measured using interferometry [6, 12-14] and reflectometry 
[14] techniques. On rough surfaces, Ojha et al. showed that increasing nanoscale surface roughness 
(RMS roughness of 1–12.5 nm) led to increased disjoining pressure, resulting in a flatter 
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evaporating meniscus and improved heat transfer performance [6]. However, quantitative 
correlations between surface roughness and thin film evaporation heat transfer characteristics are 
not yet available. A theoretical thin film evaporation model, which accounts for the effect of 
surface roughness, is required to develop such general correlations and design surface structures 
for improved thin film evaporation.  
In seminal work modeling thin film evaporation, Potash and Wayner [15] derived the 
thickness profile and heat transfer rate of an evaporating meniscus based on the balance between 
evaporation and liquid flow driven by capillary and disjoining pressure. During the past several 
decades, this thin film evaporation model has been updated to account for slip boundaries [16], 
thermocapillary effects [16, 17], capillary suppression [5, 18], electrostatic disjoining pressure 
[17], thermal conduction [5, 17, 19, 20], partial wetting [21-23], and contact line motion [21-24]. 
None of these models accounts for the effect of surface roughness on disjoining pressure and flow 
permeability, which are key physical quantities that determine the heat transfer characteristics of 




Figure 1. (a) Schematic drawing of thin film evaporation on a V-grooved surface. (b) Cross-
sectional view of a zoomed-in section of the thin liquid film on the V-grooved surface 
characterized by depth D and pitch L.  
 
Disjoining pressure plays a key role in driving liquid flow during thin film evaporation. The 
disjoining pressure model for an atomically smooth surface predicts that disjoining pressure,  , 
scales with the inverse cube of the film thickness,  , following, ( )36A  = , where A is the 
Hamaker constant that characterizes the strength of the solid-liquid interactions [25, 26]. Even 
though experimental studies have identified inadequacies in this disjoining pressure model [27-
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29] and proposed various empirical modifications [30, 31], this inverse cubic expression is still 
predominantly used in thin film evaporation models due to its simplicity. The use of an effective 
Hamaker constant [6, 32] is a simple empirical method for describing disjoining pressure on rough 
surfaces, which inherently assumes that surface roughness only affects the magnitude of the 
Hamaker constant, rather than affecting the disjoining pressure through a change in the inverse 
cubic relation with film thickness. However, there is no clear evidence supporting this approach 
for rough surfaces. Theoretical models for disjoining pressure on rough surfaces have been 
developed based on linear [33] and Derjaguin [33, 34] approximations, but the validity of these 
approximations across a range of different surface structures has not been demonstrated. 
Furthermore, the flow and pressure fields in the thin film are usually determined by solving the 
Poiseuille flow equation on planar surfaces, ignoring the effect of surface roughness. Through 
coarse-grained molecular dynamics simulations, Stukan et al. [35] demonstrated that nanoscale 
surface roughness may lead to a significant reduction in flow permeability. To accurately describe 
the heat transfer characteristics of thin film evaporation on rough surfaces, it is important to 
accurately represent the effects of surface roughness on disjoining pressure and flow permeability 
during thin film evaporation.  
 We develop a theoretical model for thin film evaporation that accounts for the effects of 
surface roughness on disjoining pressure and flow permeability. A V-grooved surface is 
investigated as a canonical rough surface geometry to validate the approach. The roughness-
affected disjoining pressure is determined based on the Derjaguin approximation and validated 
against direct integration of the solid-liquid potential. The roughness-affected flow permeability is 
determined based on the balance between the driving pressure and the viscous resistance, and is 
validated against finite-volume simulations. The combined role of roughness-affected disjoining 
pressure and flow permeability in thin film evaporation is examined. A parametric study is 
performed to investigate the effect of the structure depth and pitch on the film thickness profile 
and the cumulative heat transfer rate.  
 
2. Model development and discussion 
2.1 Thin film evaporation on rough surfaces 
 In this section, a theoretical model is developed for thin film evaporation on rough surfaces. 
All symbols used in the model development equations are defined in the Supplementary Material. 
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Figure 1a shows a schematic drawing of an evaporating thin liquid film on a V-grooved surface 
and Figure 1b shows a cross-sectional view of a zoomed-in region of the thin film on the surface. 
The V-groove geometry is characterized by a depth, D, and a pitch, L. The following basic 
assumptions are used in this model: 
i) The liquid film completely wets the rough surface.  
ii) Van der Waals forces dominate the solid-liquid interactions. 
iii) The effect of the surface roughness on thin film evaporation via changes in the liquid-vapor 
interfacial area and the conductance through the film is trivial (see Supplementary 
Material), and thus is not included in the model. 
iv) One-dimensional conduction is assumed in the thin liquid film.  
In the evaporating thin film, the liquid pressure, lP , is related to the vapor pressure, vP , 
according to the augmented Young-Laplace equation 
v l c roughP P P= + + , where rough  is the 
disjoining pressure on rough surfaces. The capillary pressure, cP , is defined as cP = , where   




 = + , where    and    are the 
1st and 2nd order derivatives of the film thickness,  , with respect to the y-axis (see Figure 1a), 
respectively. 
 Based on the continuity equation, the evaporating mass flux, 
mj , can be determined with the 








=    (1) 
where   is the kinematic viscosity of the liquid. Substituting the expression of the liquid pressure, 
l v c roughP P P= − − , into Equation (1) gives 













      − + = −
    + +
  
    (2) 
where    is the 3rd order derivative of the film thickness with respect to the y-axis and roughK  is 
the flow permeability on the rough surface. The vapor pressure, vP , vanishes during the 
substitution because it is not a function of the spatial coordinates. To solve this fourth order ODE, 
four boundary conditions are required. At y = 0, the film thickness is equal to the adsorbed film 
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thickness, 
n . The gradient of the slope at y = 0 is zero, viz. ( )0 0  =  [5]. The far end boundary 
(at y = Ly) is given as ( ) *1yL R = , where R* is the radius of curvature of the intrinsic meniscus. 




=  [5].  
The evaporation mass flux can be calculated using Schrage’s equation following [36] 
 
( ) ( )1 2 v,eq lv v v









   
= −   
−    
  (3) 
where ˆ  is the accommodation coefficient of the liquid, M the molar mass of the liquid, R the 
universal gas constant, 
lvT  the liquid temperature at the liquid-vapor interface, vT  the vapor 
temperature, 
vP  the vapor pressure, and v,eqP  the equilibrium vapor pressure at lvT . Considering 
the effect of disjoining pressure and capillary pressure, the equilibrium vapor pressure deviates 
from the saturation vapor pressure following ( ) ( )
( )v,eq sat rough c




P T P T
T R M




[37]. Assuming the vapor is not too far from the saturation state, 
( ) ( )
( )rough c




P T P T
T R M
 −  +
 
  
. Based on the Clausius-Clapeyron equation, the 
saturation pressure at lvT  is ( ) ( )
fg





P T P T
R T T
  
= −  
   
. Therefore, the equilibrium 
vapor pressure at lvT  can be calculated as 
 ( ) ( )
( )rough cfg
v,eq lv v v




P T P T
R T T T R M
  + 
 = − − 
   
  (4) 
Assuming one-dimensional conduction in the thin liquid film, the temperature of the solid surface, 









− =   (5) 
Substituting Equation (4) and Equation (5) into Equation (3), the interfacial temperature, lvT , can 
be calculated using the following equation 
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( ) ( )1 2 rough cfgl s lv v v
1 2 1 2




PMhk T T P PM
h R T R T T T R M T

   
   +−       = − − −   
−         
  (6) 
Simultaneously solving Equation (2) and Equation (6) gives the thickness profile, ( )y = , 
interfacial temperature profile, ( )lv lvT T y= , and mass flux profile, ( )m mj j y= , with known 
material properties ( lk , fgh , M , l , ˆ ,  ,  ), operating conditions ( sT , vT , and vP ), and 
structural characteristics of the rough surfaces.  
In Equation (2) and Equation (6), the disjoining pressure, 
rough , and the flow permeability, 
roughK , of thin liquid films on rough surfaces are functions of film thickness and the surface 
structure. Separate models are developed to accurately predict 
rough  and roughK  on rough surfaces 
in the following Sections 2.2 and 2.3, respectively. The adsorbed film thickness, 
n , is calculated 
by setting 
m 0j =  in Equation (3). Equation (2) is solved using a shooting method with Newton’s 
iteration, where the boundary value problem is converted to two initial value problems that are 
solved using the Runge-Kutta method. The details of the solution method can be found in the 
Supplementary Material.  
 
2.2 Disjoining Pressure on Rough Surfaces 
The disjoining pressure in a thin liquid film on a solid surface arises from the long-range 
intermolecular forces between the liquid and solid molecules. For a Lennard-Jones-type potential, 





− = − , where r is the distance between the 
solid and liquid molecules, and N,l  and N,s  are the number densities of the liquid and solid 
molecules, respectively. By integrating the solid-liquid potential, the disjoining pressure profile of 
a thin liquid film is calculated as  
 ( ) ( )





x y x y




 − − −
      = −      (7) 
where ( ),x y  is the liquid film profile and ( ),x y  is the solid surface profile. For a thin liquid 
film on a planar surface, the thickness profile, ( ) ( ) ( ), , ,x y x y x y = −  , is uniform along the 
surface, ( ),x y  , and Equation (7) simplifies to the well-known disjoining pressure model for 
 8 
planar surfaces, ( )36A  = . While a simple expression for disjoining pressure is not always 
obtainable for rough surfaces, Equation (7) can be solved numerically to yield the exact solution 
of the disjoining pressure. However, it is inconvenient to lump the solution of the double integral 
into the thin film evaporation model. Alternatively, the Derjaguin approximation [38] has been 
widely used to calculate disjoining pressure on a non-flat surface [33, 39], where the local solid-
liquid interaction of a curved surface can be approximated by that of a planar surface with the same 










 =   (8) 
Both Equation (7) and Equation (8) give the disjoining pressure profile in the x-y plane. For a 
thin liquid film on a two-dimensional structured surface with a known surface profile along the x-
axis, ( )x  ( 0y  = ), disjoining pressure only varies along the x-axis. As shown in Figure 1b, 









 = . The mean film 










=  . Because the thin film evaporation 
model developed in Section 2.1 is a two-dimensional model that only considers the flow (y) and 









 =  , can be lumped into the thin film evaporation model to account for the 
solid surface profile variation along the x-axis.  
In order to validate the simple expression for disjoining pressure in Equation (8), Figure 2a-b 
compares the Derjaguin approximation (Equation (8)) and the exact solution of the disjoining 
pressure obtained from the direct integration method (Equation (7)) for a thin liquid film ( 0  = 10 
nm) on a V-grooved surface with a depth of D = 5 nm and a pitch of (a) L = 100 nm and (b) L = 5 
nm. A flat liquid film profile ( ( ) 0x  ) is used in the calculations. While the Derjaguin 
approximation accurately predicts the disjoining pressure profile for the rough surface with the 
large depth (L = 100 nm), it leads to an inaccurate prediction of the profile for the case with L = 5 
nm. However, as shown in Figure 2c-d, the mean disjoining pressure is accurately predicted using 
the Derjaguin approximation for both L = 100 nm and L = 5 nm in a range of mean film thicknesses. 
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Therefore, we adopt the Derjaguin approximation to calculate the mean disjoining pressure in a 
thin liquid film on rough surfaces.  
 
 
Figure 2. Validation of the Derjaguin approximation for the calculation of the disjoining pressure 
on a rough surface against the exact solution obtained from the integration of the solid-liquid 
potential: (a-b) disjoining pressure profile of a thin liquid film ( 0  = 10 nm) on a V-grooved 
surface with a structure depth of D = 5 nm and a structure pitch of (a) L = 100 nm and (b) L = 5 
nm; and (c-d) mean disjoining pressure as a function of mean liquid film thickness for D = 5 nm 
and (c) L = 100 nm and (d) L = 5 nm. 
 
In the above calculations, the liquid film was assumed to have the flat profile, ( ) 0x  . 
Theoretical models have been developed to accurately predict the liquid film profile on rough 
surfaces by minimizing system free energy for both two-dimensional [34, 40] and three-
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dimensional structures [41]. However, these models for liquid film profiles require the implicit 
solution of simultaneous integral equations, and therefore cannot readily be lumped into the thin 
film evaporation model. To obtain a simple expression for calculating disjoining pressure, a fitting 
equation is proposed based on the meniscus shape model developed in our previous study [41]. 
This fitting equation correlates the mean disjoining pressure with the relevant system parameters 













−         = + +               
  (9) 
where   is the healing length defined as ( )20 2A  =  [33]. Based on the results calculated 
using the Derjaguin approximation (Equation (8)) and the theoretical model for liquid film profiles 
[41], the constant C is fitted to be 0.55 for the V-grooved surfaces.  
Figure 3 compares the mean disjoining pressure model based on the Derjaguin approximation 
(Equation (8)) and the film-profile-based fitting (Equation (9)) for predicting disjoining pressure 
in thin liquid films on a planar surface and V-grooved surfaces with (a) different depths (D = 2.5 
nm, 5 nm, and 7.5 nm) and a fixed pitch of L = 20 nm and (b) different pitches (L = 10 nm, 20 nm, 
and 30 nm) and a fixed depth of D = 5 nm. The solid lines represent the disjoining pressure model 
based on the Derjaguin approximation (Equation (8)), and the dashed lines represent the prediction 
of the film-profile-based fitting equation (Equation (9)). General agreement is observed between 
the film-profile-based fitting (Equation (9)) and the Derjaguin approximation (Equation (8)), 
where their deviation becomes more significant with increasing groove depth and decreasing 
groove pitch. For the remainder of this work, the film-profile-based fitting (Equation (9)) is used 
to predict the disjoining pressure in thin liquid films on rough surfaces, and is lumped into the thin 
film evaporation model developed in Section 2.1.  
It is noted that in the log-log plot, the disjoining pressure model for the planar surface (black 
solid line) is a linear curve with a slope of -3, representing the inverse cubic relation. For rough 
surfaces, disjoining pressure is higher than that for a planar surface and increases with increasing 
groove depth or decreasing groove pitch. This effect is only pronounced in the region where the 
film thickness is comparable to the groove depth. When the film thickness is very small, a 
conformal film is expected, and the mean disjoining pressure can be accurately predicted using the 
model for a planar surface. On the other hand, when the film is very thick, the effect of surface 
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roughness on disjoining pressure is negligible, leading to a small deviation from the model for the 
planar surface. It is important to note that the trend in mean disjoining pressure on rough surfaces 
is not linear in the log-log plot, indicating that the disjoining pressure is not a simple power 
function of the film thickness. Therefore, the use of an effective Hamaker constant, which 
inherently assumes an inverse cubic relation, is not capable of accurately capturing the roughness-
affected disjoining pressure behavior. It is noted that Equation (9) calculates the disjoining 
pressure based on a rough surface composed of multiple smooth sections that are joined together. 
As such, it is still limited by the framework of conventional disjoining pressure theory for planar 
surfaces [42] and its accuracy is expected to decrease for surfaces with very high aspect ratios. 
Nevertheless, the model developed here for disjoining pressure on rough surfaces offers a more 
robust description that will be useful in a broader range of physical processes including lubrication 
and convective-assembly. 
 
Figure 3. Prediction of the mean disjoining pressure in thin liquid films on V-grooved surfaces 
using the film-profile-based fitting equation (Equation (9)) and Derjaguin approximation 
(Equation (8)) for (a) different depths (D = 2.5 nm, 5 nm, and 7.5 nm) at a fixed pitch of L = 20 
nm, and (b) different pitches (L = 10 nm, 20 nm, and 30 nm) at a fixed depth of D = 5 nm. 
 
2.3 Flow Permeability on Rough Surfaces 
Flow permeability is a parameter used to describe the viscous pressure drop in a liquid flowing 
through a medium, and is defined as ( )l yK u P L=  , where u  is the superficial velocity, and 
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P  is the pressure drop across the length yL . Based on a balance between the driving pressure 







 =     (10) 
where w  is the shear stress at the solid surface, A  the area on which the viscous resistance acts, 
and PA  the cross-sectional flow area. For liquid flow on a planar surface, assuming a parabolic 
velocity profile, the shear stress, ( )w wu z =   , can be approximated as w 3u = . 
Substituting the expression of the shear stress and flow permeability into Equation (10) gives 
2
planar 0 3K = , where 0  is the mean film thickness. For the V-grooved surface, as shown in 
Figure 4, the coordinate system is set with the z՛-axis perpendicular to the liquid-vapor interface 
so that a parabolic velocity can be assumed as in the case of a planar surface. In the limiting case 







=   (11) 
where r is the Wenzel roughness ratio defined as the ratio of solid-liquid contact area to the 
footprint area. For a V-grooved surface, the Wenzel roughness ratio is ( )
2
1 2r D L= + .  In the 








=   (12) 
For any thin film profile between these extremes, the flow permeability falls between 
2
planarK r  
and planarK r . In order to validate this flow permeability model, the prediction on V-grooved 
surfaces using Equation (11) and Equation (12) is compared with the exact solution obtained from 
the finite-volume numerical simulations (ANSYS Fluent) in Figure 4c. Good agreement is 
obtained between the simple permeability model and the exact solution, for both the flat thin film 
and the conformal thin film. During thin film evaporation, the film thickness typically ranges from 
several nanometers in the nonevaporating film to approximately 1 micron in the intrinsic meniscus. 
As a general rule, the thin film profile becomes approximately flat when the film thickness is 
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greater than half of the groove depth for a V-grooved surface [34]. Therefore, on V-grooved 
surfaces with depths on the order of 1-10 nm, a majority of the evaporating thin film will be 
relatively flat in shape along the x-axis (Figure 1). The flow permeability equation for the flat thin 
film, viz. Equation (11), is used for the rest of this work.  
 
 
Figure 4. Effect of surface roughness on free-surface flow permeability in a liquid film: schematic 
diagrams of flow cross-sections on V-grooved surfaces for (a) a flat thin film and (b) a conformal 
thin film; and (c) comparison between the present flow permeability model for both the flat thin 
film (Equation (11)) and the conformal thin film (Equation (12)) and the exact solution for the 
permeability on V-grooves as a function of the Wenzel roughness ratio. 
 
3. Results 
3.1 Comparison with the Literature 
The model is first compared with the literature to ensure that it recovers the known solution 
for predicting the thickness profile of an evaporating meniscus on a planar surface. Figure 5 
compares the thickness profile predicted by the present model (solid lines) with Wang et al. [5] 
(dashed lines). For this comparison, the same liquid properties (octane) and operating conditions 
are input to the model as by Wang et al. [5], summarized in Table 1. The liquid surface tension 
and the kinematic viscosity at the operating condition (Tv = 343 K) are interpolated from Grigoryev 
et al. [43] and Harris et al. [44], respectively. Excellent agreement in the film thickness profile is 
obtained for four different intrinsic meniscus radii of curvature, viz. R* = 0.2 μm, 0.4 μm, 2.5 μm, 
and 60 μm. The minor deviations between the predictions can be attributed to the numerical 
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implementation and possible mismatch in fluid properties that were not reported explicitly in Wang 
et al. [5].  
 
Figure 5. Comparison between the present work and Wang et al. 2007 [5] for the prediction of 
thickness profiles of thin liquid films on a planar surface with different intrinsic meniscus radii of 
curvature (R* = 0.2 μm, 0.4 μm, 2.5 μm, and 60 μm).   
Table 1. Material properties and operating conditions. 
Property Value Property Value 
ρl (kg/m3) 661.2 [5] A (J) 6×10-20 [5] 
kl (W/mK) 0.11 [5]
 M (kg/mol) 114.23×10-3 
hfg (J/kg) 3.398×105 [5] Pv (Pa) 1.5828×105 [5] 
γ (J/m2) 0.016 [43] Ts (K) 344 
ˆ  1 [5] Tv (K) 343 
ν (m2/s) 4.806×10-7 [44]   
 
3.2 Roles of Roughness-affected Disjoining Pressure and Flow Permeability 
In order to understand the roles of the roughness-affected disjoining pressure and flow 
permeability in thin film evaporation, the theoretical model is applied for thin liquid films 
evaporating on a planar surface and V-grooved surfaces with different groove depths and pitches.  
The cumulative heat transfer rate as a function of film thickness is introduced to represent the 
heat transfer characteristics of thin film evaporation as 
 ( )
( ) fg m: C y
q h j d

 =     (13) 
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where fgh  is the enthalpy of vaporization of the liquid and mj  is the evaporative mass flux. The 
line integral represented by Equation (13) is calculated along the thickness profile of the 
evaporating meniscus, ( )y , from the non-evaporating film (where ( ) n0 = ) .  
Figure 6 shows (a) the thickness profile and (b) the cumulative heat transfer rate as a function 
of film thickness, for evaporating thin liquid films on a planar surface and a rough surface with D 
= 5 nm and L = 20 nm. The black and red solid lines represent the results for the planar surface 
and the rough surface with D = 5 nm and L = 20 nm, respectively. The evaporating meniscus on 
the rough surface is flatter (or more extended) than that on the planar surface, which is consistent 
with experimental trends observed in the literature [6]. It is shown in Figure 6b that the cumulative 
heat transfer rate on the rough surface with D = 5 nm and L = 20 nm is lower than that of the planar 
surface at relatively low film thicknesses (  < 5 nm). This is due to the strong suppression of 
evaporation induced by the roughness-affected disjoining pressure. However, this suppression 
effect is only pronounced when the film thickness is very small (  < 5 nm), and therefore does not 
significantly contribute to the cumulative heat transfer rate when considering the entire 
evaporating meniscus. For   > 5 nm, because the evaporating meniscus is flatter on the rough 
surface, the cumulative heat transfer rate on the rough surface with D = 5 nm and L = 20 nm is 
higher than that on the planar surface. 
In order to isolate the influence of the roughness-affected disjoining pressure, 
rough , and the 
roughness-affected flow permeability, 
roughK , the red dotted lines and the red dashed lines in 
Figure 6 represent the results accounting for only 
rough and only roughK , respectively. The results 
reveal the opposing influence of these two parameters. As discussed in Section 2.2, surface 
roughness leads to increased disjoining pressure, and therefore a stronger driving force for liquid 
delivery. As a result, when only 
rough  is considered, surface roughness leads to a flatter meniscus 
(Figure 6a) and higher cumulative heat transfer rate (Figure 6b). As discussed in Section 2.3, 
surface roughness leads to reduced flow permeability due to stronger viscous resistance. Therefore, 
when only 
roughK  is considered, surface roughness leads to a steeper meniscus (Figure 6a) and 
lower cumulative heat transfer rate (Figure 6b). For the specific case shown in Figure 6, the 
combined net influence makes the evaporating thin film flatter and the cumulative heat transfer 
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higher, indicating that disjoining pressure has a more pronounced influence than flow permeability 
on thin film evaporation for the rough surface with D = 5 nm and L = 20 nm. 
 
 
Figure 6. (a) The thickness profile and (b) the cumulative heat transfer rate as a function of film 
thickness for an evaporating meniscus on a planar surface and a rough surface (V-groove with D 
= 5 nm and L = 20 nm). The black solid lines represent the results for the planar surface. The red 
solid lines represent the results for the rough surface accounting for both the roughness-affected 
flow permeability, 
roughK , and the roughness-affected disjoining pressure, rough . The red dashed 
and dotted lines represent the results for the rough surface accounting for only 
roughK and only 
rough , respectively.  
 
For different rough surfaces, it is also possible that 
roughK  has a more dominant influence on 
thin film evaporation. Figure 7 shows (a) the thickness profile and (b) the cumulative heat transfer 
rate as a function of film thickness for thin liquid films evaporating on a planar surface and a rough 
surface with D = 5 nm and L = 5 nm. Consistent with the results in Figure 6, the evaporating 
meniscus becomes flatter when only 
rough  is considered and steeper when only roughK  is 
considered. However, when both are considered, the evaporating meniscus becomes steeper 
(Figure 7a), and the cumulative heat transfer rate smaller than that on a planar surface (Figure 7b), 
indicating that 
roughK  has a more pronounced influence than disjoining pressure on thin film 
evaporation on the rough surface with D = 5 nm and L = 5 nm. This result demonstrates that surface 
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roughness may inhibit thin film evaporation for certain geometries, which has not been previously 
reported with existing thin film evaporation models or experiments.   
 
 
Figure 7. (a) The thickness profile and (b) the cumulative heat transfer rate as a function of film 
thickness for an evaporating meniscus on a planar surface and a rough surface (V-groove with D 
= 5 nm and L = 5 nm). The black solid lines represent the results for the planar surface. The pink 
solid lines represent the results for the rough surface accounting for both the roughness-affected 
flow permeability, 
roughK , and the roughness-affected disjoining pressure, rough . The pink dashed 
and dotted lines represent the results for the rough surface accounting for only 
roughK and only 
rough , respectively.  
 
3.3 Parametric Study of Thin Film Evaporation on V-Grooved Surfaces 
As surface roughness may enhance or inhibit thin film evaporation, depending on the specific 
structure characteristics, it becomes important to delimit the parameter space over which heat 
transfer is enhanced. To this end, a parametric study using the V-grooved surfaces summarized in 
Table 2 is performed to investigate the effect of the depth and the pitch on the thickness profile 
and the cumulative heat transfer rate of thin film evaporation. 
 
Table 2. Summary of rough surfaces evaluated. 
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Depth, D / 
nm 
2.5 5 7.5 5 5 5 5 5 5 
Pitch, L / 
nm 
20 20 20 5 10 30 100 500 10,000 
 
Figure 8 shows (a) the thickness profile and (b) the cumulative heat transfer rate for thin liquid 
films evaporating on V-grooved surfaces with different depths of D = 2.5 nm, 5 nm, and 7.5 nm at 
a fixed pitch of L = 20 nm. A planar surface is shown for reference and can be regarded as a limiting 
case of a V-grooved surface with the depth, D, approaching zero. As the depth increases, the 
evaporating meniscus becomes flatter, leading to higher cumulative heat transfer rate. As shown 
in Figure 8a, the thickness profiles for different structure depths intersect at a relatively low film 
thickness, consistent with the experimental observations made using interferometry [6]. The 
intersection results from larger adsorbed film thickness induced by the increased disjoining 
pressure on rough surfaces with larger depths [6, 45]. 
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Figure 8. Effect of (a-b) the structure depth and (c-d) pitch on thin film evaporation showing (a) 
the thickness profile and (b) the cumulative heat transfer rate as a function of film thickness for an 
evaporating thin film on a planar surface and V-grooved surfaces with different depths (D = 2.5, 
5, and 7.5 nm) and a fixed pitch of L = 20 nm; (c) the thickness profile and (d) the cumulative heat 
transfer rate as a function of film thickness for an evaporating thin film on a planar surface and V-
grooves with different pitches (L = 5, 20, and 100 nm) and a fixed depth of D = 5 nm. 
 
Figure 8 shows (c) the thickness profile and (d) the cumulative heat transfer rate as a function 
of film thickness for thin film evaporation on a planar surface and V-grooved surfaces with 
different pitches of L = 5 nm, 20 nm, and 100 nm at a fixed structure depth of D = 5 nm. The planar 
surface can be regarded as a V-grooved surface with the pitch, L, approaching infinity. As shown 
in Figure 8c and 8d, the dependence of the thickness profile and the cumulative heat transfer rate 
on the pitch is nonmonotonic. As the pitch is reduced from infinity (planar surface, black line) to 
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100 nm (green line), the evaporating meniscus becomes flatter and the cumulative heat transfer 
rate becomes larger. However, as the pitch is reduced from 100 nm (green line) to 20 nm (red line) 
and 5 nm (pink line), the evaporating meniscus becomes steeper and the cumulative heat transfer 
rate smaller. This nonmonotonic trend indicates that the roughness-affected disjoining pressure 
and flow permeability dominate over each other at different pitches. 
Figure 9 plots a normalized cumulative heat transfer rate at the film thickness of   = 30 nm as 
a function of the depth, D, at a fixed pitch of L = 20 nm (Fig. 9a), and as a function of the inverse 
of the pitch, 
1L− , at a fixed depth of D = 5 nm (Fig. 9b). The cumulative heat transfer rates at this 
film thickness for the rough surfaces are normalized by the rate for a planar surface. As shown in 
Figure 9a, the normalized cumulative heat transfer rate for rough surfaces is higher than that of a 
planar surface, and it increases monotonically with the depth. This observation indicates that the 
effect of disjoining pressure is more pronounced than flow permeability at L = 20 nm, and the rate 
increases with the depth. Based on a scaling analysis performed on the governing equation of the 
thickness profile, viz. Equation (2) (see details in the Supplemental Material), disjoining pressure 
is more sensitive to the depth than flow permeability in both limits of 0D →  and D →  . 
Therefore, the trend with depth will hold for all cases. However, there would exist a practical upper 
limit on the structure depth where the basic assumptions of the model (e.g., the complete wetting 
assumption) fail.  
As shown in Figure 9b, the normalized cumulative heat transfer rate increases with the inverse 
of the pitch at small 
1L− , and decreases at large 
1L− . Based on the scaling analysis, at small 
1L−  
(i.e., large L), the disjoining pressure is more sensitive to the variation of 
1L−  than the flow 
permeability. As a result, increasing 
1L− leads to a stronger disjoining pressure and thus enhanced 
thin film evaporation. On the other hand, at large 
1L−  (i.e., small L), the flow permeability is more 
sensitive to the variation of 
1L−  than the disjoining pressure; increasing 
1L−  leads to a smaller flow 
permeability and thus inhibits thin film evaporation. There exists an optimal pitch, optL , that leads 
to a maximized cumulative heat transfer rate. It is also noted that there exists a critical pitch, critL
, below which the cumulative heat transfer rate of the rough surface is smaller than that of the 
planar surface.  
The analysis performed in the present work is based on Schrage’s evaporation model [36] using 
the material properties and operating conditions summarized in Table 1. This evaporation model 
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has been shown to predict the evaporation flux accurately for a broad range of parameters when 
the pressure difference across the liquid-vapor interface is the driving potential, but loses its 
accuracy for systems far from the equilibrium state [46]. Further, reported values of the 
accommodation coefficient span a relatively large range for some working fluids (e.g. water). 
While these factors may affect the quantitative predictions (e.g. the values of optL  and critL ), as 
detailed in the scaling analysis in the Supplemental Material, parameter regimes where the surface 
roughness improves and inhibits evaporation are demonstrated to universally exist regardless of 
the evaporation model applied and the material properties and operating conditions used.  
 
 
Figure 9. Normalized heat transfer rate at the film thickness of 30 nm as a function of (a) the 




 In this study, a theoretical model is derived for thin film evaporation on rough surfaces. The 
roughness-affected disjoining pressure is predicted based on the Derjaguin approximation and 
validated against a direct integration of solid-liquid potential. The model developed here for 
disjoining pressure on rough surfaces offers a more accurate description than using an effective 
Hamaker constant. The roughness-affected flow permeability is determined by balancing the 
driving pressure versus the viscous resistance. These roughness-affected factors are coupled to the 
thin film evaporation model to account for the influence of the surface structures. The present work 
identifies the competing roles of the roughness-affected disjoining pressure and the roughness-
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affected flow permeability during thin film evaporation and reveals a regime of the parameter 
space where surface structures inhibit thin film evaporation. The model predicts that surface 
structures lead to enhanced thin film evaporation when the effect of disjoining pressure is more 
pronounced, consistent with existing experiments. However, the model reveals that surface 
structures may inhibit thin film evaporation when the effect of flow permeability is more 
pronounced. This result calls for experimental studies to confirm the inhibition effect of surface 
structures on thin film evaporation. A parametric study is performed to investigate the effect of the 
structure depth and pitch on thin film evaporation. The results show that the cumulative heat 
transfer rate increases monotonically with the structure depth. Furthermore, there exists an optimal 
pitch for rough surface structures where the cumulative heat transfer rate is maximized. When the 
pitch is further reduced to a critical value, the surface roughness may inhibit thin film evaporation. 
The model developed in this work can guide the design of roughness structures for improving two-
phase heat transfer. 
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